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Abstract

This docuent contas graphical data necessany ton the prelmunarny design of balhistic
nussions to Jupiter. Contows of faunch energy requirements, as well as many other
Lianch and Jupiter amval parametets, are presented i Laanch date amnval date space
tor a1l Liunch opportuntties fiom 1983 thiough 20038, In additton, an extensive teat s
mchided wiich explams mission design methads, trom Launch window development to
Jupater probe and oibiter annval design, utihizing the gaplucal data in this volume as
well as numerous equations relatmg vanous parameters. This s the fist of 4 planned
seties of nusston dessgn documents winch wall apphy to all planets and some other bodies
m the sola sy stem.
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Preface

This publication is one of a series of volumes devoted to interplanetary trajectories of
different types. Volume I, of which the present publication is Part 3, describes ballistic
trajectories. Parts 1. 2, and 4, which will be published in 1983, will treat ballistic trajec-
tories to Venus. Mars. and Saturn, respectively.
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I. Introduction

The purpose of this series of Mission Design Handbooks is
to provide trajectory designers and mission planners with
graphical trajectory intormation, sufficient for preliminary
interplanetary mission uesign and evaluation. In most respects
the series is a continuation of the previous three volumes of
the Mission Design Data. TM 33-726 (Ref. 1) and its predeces-
sors (e.g.. Ref. 2): it extends their coverage to departures
through the vear 2005 A.D.

The entire series is planned as a sequence of volumes, cach
describing a distinct mission mode as follows:

Volume |- Ballistic (i.e.. unpowered) transfers be-
tween Earth and a planet. consisting of
one leg trajectory ares. For Venns and
Mars missions the planet-to-Earth return

trajectory data are also provided.

Volume II:  Gravity-Assist (G‘A) trajectory transters,
comprising from two to four ballistic
interplanetary legs, connected by suc-

cessive planetary swingbys.

Volume IH: Delta-V-EGA (AVEGA) transfer trajec-
tories utilizing an impulsive desp-space
phasing and shaping burn. tfollowed by a
return to Earth for a G/A swingby maneu-
ver taking the spacecratt (S C) to the
eventual target planet.

Each volume consists of several parts, desctibing trajector
opportunities for msions toward specific target o1 swingby
bodies.

This Volume 1. Pait 3 of the series is devoted to ballistic
transters between Earth and Jupiter. It uescribes tiajectories
taking from 1 to 5 vears of flight time tor the 20 successive
mission opportunities, departing Earth in the following veirs:
TORS, 1986, 19K7_ 198K, 1980, [990), JU9] 1092/3 1993 4,
1994°5, 1996, 1997, 199K 1999, 2000, 2001, 2002, 2003 4,
2004 5, and 2005 o

Individual variables presented herein are described in detail
in subsequent sections and summarized again in Section IV,
Sutfice it to say here that all the data are preserted i sets of
11 contour plots each. displaved on the launch date ammval
Jate space tor each oppoertunity. Required departune energy
Cy. departure asymptote dechranon and nght ascension.
amwal 1and s equatonal directions, as well v Sun and
Farth direction angles with tespect 1o the departure artnval
asy mprotes, are presented.

It should be ¢ ied that part ot the launck space cov L
may tequire Launcher encigies not presently {982 avalable,

but certainly not unrealistic using future orbital assembly
technigues.

A separate series of volumes (Ret. 3) is being published
concurrently to provide purely geometrical (i.c.. trajectory-
independent) data o1 planetary positions and viz wing/onenta-
tion angles. exipenienced by a spacecraft in the vicinity of these
planetary bodies. The data cover the time span through 2020
A.D.. in order to allow sufficient mission duration time tor all
Earth departures, up to 2008 A.D.

The geometric data are presented in graphical form and
consist of 20 quantities, combined .. ‘o eight plots for each
calendar year and each targed planet. The craphs display equa-
torial declination and right ascension of Earth: and Sun (plan-
etocentric). as well as those of the target planet (geocentric):
heiiocentric (ccliptic) lengitude of the planet. its heliocentric
and peocentric distance: cone angles of Earth and Canopus,
clock angle of Earth (when Sun, Canopus-oricuted): Earth-Sun-
planet. as well as Sun-Earth-planet angles: and finally. rise and
set timies for six deep-space tracking stations assuming a 6-deg
horizon mask. This information is similar to that in the second
part of each ot the volumes previously published (Ref. 1).

Il. Computational Algorithms

A. General Description

The plots tor the entire series were computer-generated. A
minimum of editonal and graphic support was nostulated from
the outset in an etfort to reduce cost.

A number of computer programs were created and/or modi-
fied to suit the needs ot the Handbook production,

The computing etfort involved the generation of arravs ot
transfer trajectory  ares  connecting  departure and  arrival
planes on a4 large number of suitable dates at cach body.
Algonthms (computational models) to solve this problem can
vary greatly as to their complexity, cost ot data generated, and
resulting data accuracy. In light of these considerations, the
choice of methods used in this etfort has been assessed.

B. Two-Body Conic Transfer

Fich departure anval date combination represents a unigue
tramster traectory between two spe tied bodies it the nuiber
of tevolutions ot the spacecratt sbeut the primany (ee . the
Sund nosped tied  The Fambert Theotem provides o suitable
tameworth tor the Canputation ot such trggectones, hut
only 1t testricted two bady come motion prevals

Restiictea twosbody mouon aimplhies that the dynanneal
svsten vonsists of onlby two bodies, ane of winch. the priman
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is so much more massive than the other, that all of the system’s
gravitational attraction may be . ssumed as concentrated at a
puint the ceater ot that primary body. 1he sece.adary body
of negligible mass (e.g.. the spacecraft) then moves in Kep-
lerian (conic) orbits about the primary (e.g.. the Sun) in such
a way that the center of the primary is located at one of the
foci of the conic (an ellipse. parabola, or hyperbola).

The Lambert Theorem states that given a value of the - -avi-
tational parameter g (also known as GAN for the central body, .
the time of tlight hetween two arbitrany points in space,
R, and R,. 15 2 function of only three independent variables:
the sum of the distances of the two points from the focus,
IR, !+ IR, 1, the distance hetween the two points C= IR, -R, 1.
and the semimajor axis. a. of the conic orbital flight path
between them (Fig. 1.)

Detailed algorithm descriptions ot the Lambert method. in-
cluding necessmy branching and singularity precantions, are
presented in numerous publications, e.g., Refs. 2 and 4. The
computations result i a set of conwe classical elements (4, e, 4,
2. w. vy) and the transter angle. Ayy,. or two equivalent
spacecratt heliocentric velocity vectors. V".\' o, "neat depar-
ture. the other at the ainval planet. Subtiaction of the appro-
priate planetary heliocentric velocity vector. 'V, praxere O
the two corresponding times from each of these two space-
cratt welocity vectors results in a pair of planetocentric velocity
states “at mtinaty ” with reapect to each planet (Fiyg. 2)

V., 7V

/ -V, (1
v Bs.cats BPLANFKD

where 1 = 1 and 2 reter to pusitions at departure and arrival,
respectively . The scalar of this 17, vector is also referred to as

EARTH

PARE N,
LT R

N THoN

v

EARTH

T=f(Ry+R,y.C.at”/

Fig. 1. The Lambert problem geometry

the hyperbolic excess velocity, * Feinfinity™ or simply “speed™
(e.z.. Ref. 4). The V_, represents the velocity of the spacecraft
at a great distance from the planet (where its gravitationa'
attraction is practically negligible). 1t is artained when the
spacecralt has climbed away from the departure planet. tol-
lowing injection at velocity V.

. kms (2)

or betore it starts its fall into the arrival planet’s gravity well,
where it eventually reaches a closest approach (periapse, C/A)
velocity .

\"]
XTI

OU T GOING
~ ASYMPTIOTY v,

v
IR

B U LT T B

Fig. 2. Departure geometry and veiocity vector diagram
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3
b, = l~2 +i1. k 3
r -, Y7 - kmh 3)
: p

The variables r, and r,, refer to the departure injection and
arrival periapse planetocentric radii, respectively. Values for
the gravitational parameter g (or GM) are given in subsequent
Section V on constants.

The V, vectors. computed by the Lambert method, repre-
sent a body center to body center transter. They can, however,
be translated parallel to themselves at either body without
excessive error due to the offset, and a great variety cf re Listic
departure and arrival trajectories may thus be constructed
through their use, to be discussed later. The magnitude and
direction. of V' as well as the angles that this vector forms
with the Sun and Earth direction vectors at each terminus, are
required tor these mission design exercises.

Missi 5y * the relatively small terrestrial planets are suited
to 1. analysed hy the Lambert methad. as the problem can be
adequately represented by the restricted two-body formula-
tion, resulting in flight time errors of less than 1 day an
accuracy that cannot even be read trom the contour plots
presented in this document.

C. Pseudostate Method

Actual precision interplanetar  transter trajectories, espe-
cially those involving the giant outer planets, do noticeably
vivlate the assumptions inherent in the Laabert Theotem.
The restnicted two-body problem, on which that theorem s
hased., is supposed to describe the conic motion of & massless
seeondary (ie., the spacecraft) about the point mass of a pri-
man attractive body (ie.. the Sun), both objects beng placed
in an otherwise empty Universe. In reality. the gravitational
arrraction ol either departure or target body may signiticantly
aftr the entire transter trajectory.

Numentcal V-body  trgectory imtegration could be called
upon to represent the true physical mode! tor the laws of
motior, but would be too cntly, coisidering the number ot
complete tragectones requied to tully search and desanbe o
gIven IMins1on uppottunity

The pseudostate theory, tist mtroduced by S, W. Wilson
{Ret. 3) and moditied to solve the three-body Lambert prob-
lem by D. V Bymes (Ret. 6), represents an extremely usetul
improvement over the stendard Lambert solution. For the
want planet nussions, 1t can correc about 935 percent of the
three-budy errors mcurred, ¢ .. up to 30 days in thght tme on
a Jupiter-bound poruney

o ————————at i s — -

Pseudostate theory 1s based on the assumption that for
maodest gravitational perturbations the spacecraft conic mot.on
about the primary and the pseudo-conic displacement due to a
third body may be superimposed. if certain rules are tollowed.

The method. as applied to transfer trajectory generation,
does not provide a flight path only its end states. It solves the
orginal Lambert problem. however. not between the true
planetary positions themselves. but instead. between two com-
puted “pseudostates.” These are obtaned by 1teration on two
displacement vectors off the planetary ephemeris positions on
the dates ot departure and arnval. By o suitable superposition
with a planetocenine rectilinear impact hyperbola and a
constant-velocity, “zero gravity.” sweepback at each end of
the Lambertian conic (see Fig. 3). a satsfactory match is
obtained.

Of the five ares involved in the iteration, the last three
(towards and at Jupiter) act over the tull flght ume. A7, ,.
and represent:

(1) Conic heliocentric motion between the two pseudo-
L3 L . . - .
states R, and R, (capital R is used here for zll heli
centric positions).

(2) The transformation of R: to a planetocentric position,
r; (lower case r is usad tor planetocentric positions).
performed in the usual manner is followed by a
*constant-velocity” sweepback in iime to a point
1, =1 - Vo, X AT, correcting the planetocen™ic
pusition r, to what it would have been at 7. had
there been no solar attraction duning AT,,. and
tinally .

{3) The planetocentric rectilinear incoming hyperbola.
charactenized by incomng F-anfunty V. a4 radwl

- e

/7 N
/ \
/ NO-GRAVITY  \
IIR \SUN SWEEPBACK ‘ \‘
EARTH,L ———Va2 X AT42 T

R r, RECTILINEAR
2 HYPERBOLA,

/ JUPITER

LAMBERT CONIC
AT‘2

/773 Ry-Ry

Fig. 3. Pseudostate transfer geometry
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target planet rip time AT, trom 1)
to perjjove. which can be satisfied by teraticn on the
* *

r,~magnitude and ihus also on R, .

n\?-u-ﬁ and a tri

This last aspect provides for a great simplification of the
formulation as the R; end-point locus now moves only along
the V.., |i r; vector direction. The resulting reduction in com-
puting cust is significant, and the equivalence to the Lambert
paint-to-point conic transfer model is attractive.

The first two segments of the transfer associated with the
departure planet may %e treated in a like manner. If the planet
1s Larth, the pseudostate correction may be disregarded (12,

= K, ). or clse the duration ot Earth’s perturbative cttect
may be reduced to a fraction of AT . It can abo be set to
equal a fixed quantity. eg.. AT, = 29 days. The latter value
was in fact used at the Earth’s side ot the tanste. n the
data generation process for this document

The rectilinear pseudostate method thus involves an itera
tive procedure, utilizing the standard Lambert algorithm to
obtain a starting set of values for §_ at each end of the trans-
fer arc This first guess is then improved by allowing the
planetocentric pseudustate pusition vector r; to be scaled up
and down, using a suitable partial at either bodv ., such that
ATgp- the iime required to fall slong the rectiinear hyper-
bola through t; (the sum of the swcgpb.n.l\ distance 3,
X AT, and the pl.mv.lm.emrh. distance ir, Il equal the gravity-
lIUll.ll perturbation duration. AT, Bn(h r and V_ . along
which the rectilinear fall occuns, are wulmuuml) reset util-

2 the latest values of magnitude and dircction of V_ at each
end. i. ot the new Lambert transter aic. as the tteration pro.
gresses. The procedure converges rapidly as the hy perbalic tip
tume discrepancy. AA[F = AT, , - AT . talls below 4 preset
small tolerance

Once the V_ vectors at each planet are converged upon,
the desired output variables can be generated and contour
plotted by exasting standard algonthms.

ll. Traiectory Characteristics
A. Mission Space

All realistic launch and njection vehicles are energy -liimted
and impuose very stangent constramn®s on the mterplar .
mission selection process. Only  those transter oppe -
which occur near the tursas of 4 mummum Farth < -
energy requaement are thus of practical ainterest. (@ - g
side ot such an optundal date, departure energy ineres s, tirst
slowly, todowed by a rapnd increase, thas requinng eiher a
preater launch capability . or alternatively o lower allowable
pavload mass. A “launch penod.” megsured i davs o1 even
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le: on any day with
canablhty of a given launch/injection vehicle must equal or
exceed the departure energy requirement for a specified

payload weight.

In the course of time these minimum departure energy
opportunities do recur regularly. at “synodic period * intervals,
reflecting a repetition of the reaative angular geometry of the
two planets. If w, and w, are the orbital angular rates of the
inner and outer of the two planets, respectively, moving about
the Sun in circular orbits, then the mutual configuiation of
the two bodies changes at the following rate:

W, =W - w, . radis (4

p== (5)
w
then
I’S I’| I’_,

where Pg. the syiodic period. 15 the period of planetan
geometry cecurrence, while P, and P, are the orbital “sidereal
(i.c.. inertial) perinds™ of the inner (taster) and the outer
(siower) planet considered. respectively.

Since planetary orbits are neither exactly circular nor co-
planar. launch opporturities do not repeat exactly. some
years heing better than others in energy requirements or in
other parameters. A complete repeat of trajectory character-
stics oceurs only when exactiy the same orbital geometry of
departure and arrival body recurs. For negligibiv perturbed
planets approximately identical inertial positions in space at
departure and arcival imply near-recurrence of transter tra-
jectory charactensties. Such events c:n rigorously be .isessed
onlv for nearly resonant nonprecessing planeta-y orbats, re..
for those whose periods can be related in terms of integer
fractions. For instance, 1t five revolutions of one body cor-
respond to three revolutions of the « ther, that time interval
would constitute the “period of repeated characteristies.”
Nearanteger ratios provide nearly  petitive  contigueations
with respect to the lines of apsides and nodes. The Farth-
relative synodic period ot Jupiter 1s 398 584 days, 1.e.. ahout
13 months. tach cvele of 11 consecutive Jovian mission
vppuortunities amounts to $3X7 7 deyvs and s nearly sepetitive,
diven by Jupiter's swdereal pertod of 11 8620 years i 33326
days It s obvious that tor an dentical mutual anpular geom
etry Jupiter would be tound heyond ity 1incrtal positeo i the
Mrevious Goeie by S dav s worth of motion (3 S8 deet while
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Farth would have completed 4387.7/365.25 = 12,013 1evolu
tions. bemg ahead ol the old mark by the same angular amount
as Jupiter

A variety of considerations fore: the realistt launch period
not to occut at the minimam energy combin :mon of depar-
ture and arrival dates. Launch vehicle readiness status, proce-
dure slippage. weatuer anomalies, multiple launch strategies,
arrival characteristics all cause the launch or, more generally,
the departure period to be extended over u number of days or
weeks and not necessarily centered on the minmmom energ,
date.

For this document, a 120-day departure date coverage span
was selected, primarily in order 1o encompass launch energy
requiremc‘ms of up to a ¢y = 200 km=;s? contour, where
Cy l'.:f. i.e., twice the injection energy per umnit mass,

EARTH

Ly = 12 /2. Arrival date coverage was set at 1600 days to dis-
play mussions fiom 1- to S-vears flight time.

The matrix of departure and arrival dates to he presented
comprises the “mission space™ for cach departure opportunity.

B. Transfer Trajectory

As previously stated, cach pair of departure/arrival dates
specifies a unique iransfer trajectory. Each such point in the
mission space has associated with it an array of descriptive
variables. Departure eneigy. characterizad by €, is by far the
most signiticant amonyg these parameters. It increases towards
the ~dges of the mission space, but it also experiences a drs-
neatie rise along a “ridge.” passing diagonally from lower lefi
to upper right across the niisston space (Fig 4). This distur-

JUPITER lzlﬂ!-.('." L TR

RALLISTIC TRANSFE R TRAJECIORY
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7ig. 4. Mission space in departure/arrival date coordinates, typical example



bance Iy assuciaied with all diametric, ie., near-1R0.deg,
transfer trajectories (Fig. 5).

In 3-dimensional space the fact that all planetary orbits are
not strictly coplanar causes such diametric transfer arcs to
require high ecliptic inclinations, culminating in a polar flight
path for an exact 180-deg ecliptic longitude increment be-
tween departure and arrival points. The reason for this
behavior is, as shown in Fig. 5, that the Sun and both trajec-
tory end points must lie in a single plane, while they are also
lining up along the same diameter across the ecliptic. The
slightest target planet orbital inclination causes a deviation

¥ = TRUE TRANSFER
ANGLE
¥, = TRANSFER ANGLE
POLAR IN ECLIPTIC PLANE
TRANSFER

PLANET

TARGET
PLANET
POSITIONS
f (w-')

ECLIPTIC

Fig. 5. Effect of transfer angle upon inclination of
trajectory arc

PLANET ORBIT
PLANE TRANSFER
(Vo) MIN.)

PLANET AT NODE
AT ARRIVAL
INTERMEDIATE
TRANSFER

ECLIPTIC
TRANSFER
(MIN. C3L)

EARTH AT NODE
AT DEPARTURE

Fig. 6. Nodal transfer geometry
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out of the ecliptic and forces a polar 180-deg transfer, in order
to pick up the target’s vertical out-of-plane displacement.

The obvious sole exception to this rule is the nodal transfer
mission, where depaiture occurs at one node of the target
planet orbit plane with the ecliptic, whereas arrival occurs at
the opposite such node. In these special cases, which recur
every half of the repeatability cycle, discussed in the preceding
paragraph, the transfer trajectory plane is indeterminate and
may as well lie in the departure planet’s orbit plane, thus
requiring a i~sser departure energy (Fig. 6). The opposite strat-
egy (i.e.. a wransfer in the arrival planet’s orbit plane) may be
preferred if arrival energy, V., . is to be minimized (Fig. N.

It should be noted that nodal transfers, being associate.
with a specific Jupiter arrival date, may show up in the data on
several consecutive Jovian mission opportunity graphs (e.g..
1991-1994/S5). at points corresponding to the particular nodal
arrival date. Their mission space position moves. from oppor-
tunity to opportunity. along the 180-deg transfer ridge. by
gradually sliding towards shorter trip times and earlier relative
departure dates. Only one of these opportunities would occur
at or near the minimum departure energy or the minimum
arrival V_ date. which require a near-perihelion to near-
aphelion transfer trajectory. These pseudo-Hohmann nodal
transfer opportunities provide significant energy advantages.
but represent singularities. ie.. single-time-point missions.
with extremely high error sensitivities. Present-day mission
planning does not allow single fixed-time departure strategies:
however. future operations modes. e.g.. space station “‘on-
time™ launch, or alternately Earth gravity assist (repeated)
encounter at a specific time. may allow the advaitages of a
nodal transfer to be utilized in full.

The 180-deg transfer ridge subdivides the mission space
into two basic regions: the Type I trajectory space below the
ridge, exhibiting less thon 180-deg transfer arcs, and the
Type I space whose transfers are longer than 180 deg. In
general the first type also provides shorter trip times.

Trajectories of both types are further subdivided in two
parts—Classes 1 and 2. These are separated, generally hori-
zontally, by a boundary representing the locus of lowest
C3 energy for each departure date. Classes separate longer
duration missions from shorter ones within each type. Type I,
Class 1 missions could thus be preferred because of their
shorter trip times.

Transfer energies become extremely high for very short
trip times. infinite if launch date equals arrival date, and of
course, meaningless for negative trip times.

The reason that high-inclination transfers. as found along
the ridge. alsv require such high energy expenditures at depar-
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Fig. 7. Mission space with nodal transfer

ture is that the spacecraft velocity vector due to the Earth's
urbital velocity must be rotated through large angles out of the
ecliptic in addition to the need to acquire the required transfer
trajectory energy. The value of C; on the ridge is large but
finite: its saddle point minimum value occurs for a pseudo-
Hohmann (i.e.. perihelion to aphelion) polar transfer. requiring

5
a
o
= J2
G, IF(

e )

+ l) = 2400 km?/s?
where 17, = 20.766 km/s, the Earth's heliocentric orbital
velucity. and a,, = 5.2 AU Jupiter’s (the arrival planet's) semi-
myuor axis By a similar estimate. it can be shown that for a
true nodal pseudo-Hohmann tianster. the mmmmmum eneigy

e +d would reduce to

2, 12 2
= 12 - ~ 2,2
CJNOI)AI. Vi (l ta, ! 77 km*/s

®

This is the lowest value of C; required to fly from Earth to
Jupiter, assuming circular planetary orbits.

Arrival Vinfinity. V.. .. is at its lowest when the transfer
trajectory is near-coplanar and tangential to the target planet
orhit at arrival.

Both C; and V., near the ridge can be significantly low-
ered if deep-space deterministic maneuvers are introduced into
the mission. Tne “broken-plane™ maneuvers are a category of
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such ridge-counteracting measures, which can nearly eliminate POLAR
all vestiges ot the near-180-deg transter ditticulties. TRANSFER

The basic principle employed in broken-plane transfers is to
avoid high ecliptic inclinations of the trajectory by performing
a plane change maneuver in the general vicinity of the halfway
point, such that it would correct the spacecraft’s aim toward
the target planet’s out-of-ecliptic position (Fig. 8).

Graphical data can be presented for this type of mission,
but it requires an optimization of the sum of critical AV
expenditures. The decision on which A¥s should be included
must be based on some knowledge of overall staging and arrival
intentions, e.g., departure injection and arrival orbit insertion
vehicle capabilities and geometric constraints or objectives
contemplated. As an illustration. a sketch of resulting contours
of C; is shown in Fig. 9 for a typical broken-plane oppor-
tunity represented as a narrow strip covering the ridge area
(Class 2 of Type I and Class 1 of Type II) on a nominal 1985
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Fig. 8. Broken-plane transfer geometry
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launch/arrival date C, contour plot. The deep-space maneuver
AVgp is transformed into a C, equivalent by converting the
new broken-plane C3,, to an injection velocity at parking
orbit altitude, adding AVgp, and converting the sum to a new
and slightly larger C, value at each point on the strip.

C. Launch/Injection Geometry

The primary problem in departure trajectory design is to
match the mission-required outgoing V-infinity vector, V_, to
the specified launch site location on the rotating Earth. The
site is defined by its gcocentric latitude, ¢, - and geographic
east longitude, A, (Figs. 10and 11).

Range safety considerations prohibit overflight of popu-
lated or coastal areas by the ascending launch vehicle. For each
launch site (e.g.. Kennedy Space Center, Western Test Range.
or Guiana Space Center), a sector of allowed azimuth firing
directions 21. is defined (measured in the site’s local horizontal
plane. clockwise from north). For each launch vehicle. the
allowed sector may be further constrained by other safety
considerations. such as spent stage impact locations down the
range and/or down-range significant event tracking capabilities.

The outgoing V-infinity vector is a slowly varying function
of departure and arrival date and may be considered constant
for a given day of launch. It is usually specified by its energy

LAUNCH
MERIDIAN

LAUNCH SITE

T,
VERNAL
EQUINOX

magnitude C; = |V_|2, called out as CyL in the plots and
representing twice the kinetic energy (per kilogram of injected
mass) which must be matched by launch vehicle capabilities,
and the V-infinity direction with respect to the inertial Earth
Mean Equator and equinox of 1950.0 (EME50) coordinate
system: the declination (i.e.. latitude) of the outgoing asymp-
tote 6_ (called DLA), and its right ascension (i.e., equatorial
east longitude from vernal equinox, T) o, (or RLA). These
three quantities are contour-plotted in the handbook data pre-
sented in this volume.

1. Launch azimuth problem. The first requirement to be
met by the trajectory analyst is to establish the orientation of
the ascent trajectory plane (Ref. 7). In its simplest form this
plane must contain the outgoing V-infinity (DLA, RLA)
vector, the center of Earth, and the launch site at lift-off
(Fig. 10). As the launch site partakes in the sidereal rotation of
the Earth, the continuously changing ascent plane manifests
itself in a monotonic increase of the launch azimuth. £, , with
lift-off time, ¢, , (or its angular counterpart,a,, - a; . measured
in the equator plane):

cos ¢, X tan b, -sing, Xcos(a, - aL)

cotan E‘ = -
sin (o - ;)

)

ASYMPTOTE

MERIDIAN

FLIGHT
PATH

V,. . DEPARTURE
ASYMPTOTE

TRAJECTORY PLANE

Fig. 10. Launch/injection trajectory plane geometry
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The dmly tune history of azimuth can be obtimned tiom by
(V) for a given « . & _ departure asymptote direction by cate-
tully tfollowmipe quadiant iles explamned below and using the
tollow g aunthaty espressions (see Fig 111

W = )\, +(,H.-ll,”.r+ WinrH X I (10

GHA, 7 10007554260 + QO8S0473400 X d(

+ 20015\ 10 MNdg) (1
whete
q, = tight ascension of launch site (¢, . N, ) at I,
(dep)

GHA, e = Greenwich hour angle at G" GMT ot the
launch date, the castward angle between
vernal equinon and the Greenwich meudian
(\It‘g)

dy = launch date mteims o integer days see

OF Jan. 1, 1950 (davs)

sidereal rotation 1ate of Farth (1530310009
deg hton the POSS-2008 e petiad)

N RTI]

I Iitt ot tune th, GM1)

A relanve kuneh time, 7, ,. meastted wath jespect to an
mertul reterence (the depattite asvinptote mendan’s tght
ascenston a ) can be defined as

Q. “I
A Y- _ “
PN I o . h (2
PARIN
This tme epresents a penctahized sudereal time of Leich
clapsed since the Taunch sate last passed the depantute asymp-
tote mendian, a

The actial Greenwiwch Mean Lhime (GM DY of launch, 0.

iy be obtamed trom 7, by adding adate, site, amd asvinp-
tote-dependent adiustment

v (IR

' H t -~

1 I

Y

e A uasn .
. (URY]

“Panin

the expresaion tor 20 (b 90 must be used wath computa
tonal tegand tor quadiants, smgular pomta, and sign comen.
nom It the Lwonch s known to be duect Gie
then X, . when voten 3
N 2 ¢ INO0 o enogade (westwand) launches,

-1 RY

[
IS0 QO dey must be adided e the thid (when cotan 2 s poa

castwand),

I NERATIVG, aind be cotrectad 1o

10

GREENWICH

MER!DIAN
oh GmT GREENWICH HOUR ANGLE

EAST LONGITUDE OF (GHA)

LAUNCH SITE )\l.

VERNAL
EQUINOX
LAUNCH SITE
AT 0P GMT A
DEPARTURE
ANGLE TRAVERSED ASYMPTOTE
BY LAUNCH SITE MERIDIAN

SINCE 0h GMT

OF LAUNCH DATE LAUNCH SITE

AT LAUNCH, ] (GMT)

Fig. 11. Earth equator plane definition ot angles involved
in the launch problem

tive) and 300.C deg in the foutth quadiant (when cotan X
IS neganve).

A peneralized plot of relative [aunch time £, - vs bunch
azimuth X, can be constructed based on Fgs. (M and (12),
i a fived launch site Latiude s adopted (e, o,
for Kennedy Space Fhight Center at Cape Canaveral, Flouda),
Such o plot is presented w Figo 12 with departnie asy mptote
dectination & as the contoun patameter. Uhe plot s appheable
to any 1eahstic departure condition, independent of a . date,
o (e Lainch tune 7, (Ret S

283 dep

2. Daily launch windows lospection of Fy. 12 indicates
that genetally two contoms exist tor cach dechnation value
tep, &0 = -10 deg), one occunng at 7, - dunng the am.
hours, the other n the pame houts of the ass mptote welatiee
“Jay

Stee It-ott tunes e bounded by preseiected Launch site
dependent it values of launch azmuth X, e g, "0 deg
and 115 degd, cach of the two declmanon contows thus con-
tas g segment dunng which launch s penussible *a launch
wittidow.”™ The two wegments on the plot do define the two
avalable daly Baunch windosws.

Ay can be seen trom b 12t S0 O the two dathy
launch opportumties are separated by exactly 12 hows, with
an meteasing & they close i on each other, untad ot 10|
&y - they merge mto a single datly opportumty Foe (a1
0 o sple” ot that single launch window ocens, disaltow
e an ever meredsig sector of azunuth values  This secton
svinmette about cast and s hinuts can be determuned tiom
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Pair of typical example launch windows for S

10 deg are shown by bold curve segment

(wpmduwd trom Ref. 8).
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D) 14
Lyan o, (

As 3 pets longer, the sector of unavailable Yaunch azimuths
reaches the safety boundanies of permissible launches, and
planar launch ceases 1o exist (Fig. 13). This subyect wall be
addiessed again in the discussion of “dogleg”™ ascents.

Frgure 14 1s a sheteh ot atvpreal day Launch geometsy
sittation, shown upon a Mercator map ot the celestial sphete.
The twe Launch windows exhubit a4 siilar geometey sinee the
inchnations of the dswent tagecton planes ate functions ot
Lwmch stte Lititude ¢, and azmmuth Y, onb

COSE T Cos @, \sin X (13

!
The two datly opportemuies do ditter gicatly, however,
the nght ascension of the asccading mode £ of the ot and
 the length of the traversed in-plane are, the ange angle 8.

The angular equatotial distance between the ascending ne-’ »
and the launch site meridian is given by

s o, \ sm l',
sinqa, - 81 = o teo oo (16)

s ¢
Quadrant ules tor this equation imvolve the observation that .
negatve vos I, places (a, = 820 nto the second o1 thud quad-
unt, while the sign of s (v, - 82) determines the choge
between them.

The range angle @ 1 measuted m the mertal aseent tragee-
tony plane trom the htt-ott pont at launch all the way to the
depatture awmptote duection, and can be computed tor g
aven lanch tme 7, ot a g - a7, and an azumuth X
alicady known tfrom Eq (9 as follows

cos = s & N\ sin G temd Neovg Neosta, a )

1
(o
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180 T sin(a,_ - a.)Xcosd
sin = ———- sin %, - (18)
160
The extent of range angle 6 can be anywhere between
140 EG::?SE SAFETY 0 deg 2nd 360 deg, so both cos 6 and sin @ may be desired in
its determination. The range angle # is related to the equa-
120 torial plane angle, Ax = a_ - @, discussed before. Even
z- 118° though the two angles are measured in different planes, they
100 s CAUNCH o L both represent the angular distance between launch and depar-
REGION REGION REGION ture asymptote, and hence they traverse the same number of
80 [ 2007 quadrants.
60 50° Figure 15 represents a generally applicable plot of central
range angle 0 vs the departure asymptote declination and
40 launch azimuth, computed using Eqs. (17) and (18) and a
| /I_/ launch site latitude ¢, = 28.3 (Cape Canaveral). The twin
20 — LOCI OF — ____| daily iaunch opportunities are again evident, showing the
LIMT;&:## NCH significant difference in available range angle when following a
0 1 L vertical, constant 5, line.
-0 -70 -50 -30 -10 10 30 50 70 90

ASYMPTOTE DECLINATION §_, , deg

Fig. 13. Permissible regions of azir;:uth vs asymptote
declination launch space for Cape Canaveral

ASYMPTOTE RELATIVE LAUNCH TIME tg; 7, h

It is sometimes convenient to reverse the computational
procedure and determine launch azimuth from known range
angle 6 and £y, 1, i.e., Aa=a_ - @, , as follows:

BY DEFINITION
0 3 6 9 12 15 18 N 24, o n=oh-24hAT
L | AZIMUTH | :/cu.oses AT
. L, =110 DAILY TRACK
Y c € _ _gej# OF LAUNCH SITE
2 , AT ¢, =283
© _20}1ST WINDOW
3 OPENS AT
a z, =10°
2 -10p- o, CLOSES AOT 2
e EASTERLY ELC =10" ) 7,
S of—L-LauNcH +——t+—o—f7,
- Q, Z,-90°@ 2
I 1 2,=90" @©SUuN ASSUMED V,_,
@ 10 (ASSUMED) ASYMPTOTE
2 6, = -18° LOCATION:
5 - 8, = -18°
a3 2 = 3159
g o,
30}
[¢]
/3
1
@ -0y . - 2850 oo
aol
1 h ] I ! 1 { } Y
-45 0 a5 90 135 180 225 270 315

RIGHT ASCENSION a, deg

(EARTH EQUATORIAL CELESTIAL LONGITUDE)

Fig- 14. Typical launch geometry example in celestial {inertial) Mercator coordinates
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Fig. 15. Central range angle 6 between launch site and outgoing asymptote direction vs its declination and launch azimuth.

Pair of typical example launch windows for &,

=-10 deg are shown by bold line segments

{reproduced from Ref. 7).

cos 8 Xsin(a, - o)

sin I, — (19

sind_ - cos0 X sing,
sin 0 X cos ¢,

cos EL = (20)

Figure 16 displays a 3-dimensional spatial view of the same
typical launch geometry example shown previously in map
format in Fig. 4. The difference in available range angles as
well as orientation of the trajectory planes for the two daily
launch opportunities clearly stands out. In addition, the figure
illustrates the relationship between the “first” and “second
daily” launch windows, defined in asymptote-relative time,
fpp 7. @ contrasted with “morning™ or “night” luunches,
defined in launch-site-local solar time. The latter is associated

with the lighting conditions at lift-off and consequently allows
a lighting profile analysis along the entire ascent arc.

The angle ZALS, displayed in Fig. 16, is defined as the
angie between the departure V_ vector and the Sun-to-Earth
direction vector It allows some judgment on available ascent

lighting.

The length of the range angle required exhibits a complex
behavior--the first launch window of the example in Figs. 14
and 16 offers a longer range angle than the second, but the
second launch window opens up with a range angle so short
that direct ascent into orbit is barely possible. Further launch
delay shortens the range even further, forcing the acceptance
of a very long coast (one full additional revolution in parking
orbit) before transplanetary departure injection. A detailed
analysis of required arc lengths for the various sub-arcs of the

13
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Fig. 16 Tvpical example of daly launch geometry {3 dimensional) as viewed by an outside observer ahead ot the spacecratt
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Fig. 18. Angle from perigee to departure asymptote
vy = is the true anomaly of the injection point, usually  icant role in the ascent orbit selection. A limit on maximum
is near 0 deg, and can be coraputed by iteration  coast ducation allowed (fuel voil-oft, battery life, guidance
using: gyro drift, etc.) may also influence the long/short parking orbit

l” g sin !’l

1+ e Cos v[

tany, = (23)

Yy, = injection flight path angle a2bove local horizontal,

dep
¢, = eccentricity of the departure hyperbola:
e, = 1+ G (24)
H 1y, 2

To make Eq. (22) balance, the parking orbit coast arc,
000457 must pick up any slack remaining, as shown in
Fig. 17. A negative 6., , ¢ implies that the I, solution was
too short-ranged. A direct ascent with positive injection true
anomaly v, (1e.. upward chmbing tlight path angle, 9, at
injection) with attendant sizable gravity losses, may be accept-
able, or even desirable (within limits) for such missions.
Alternately, the other solution for X, . exhibiting the longer
range angle 8. and thus a longer parking orbit coast. B¢y, 57+
should be implemented An extry revolution in parking orbit
may be g viable alternative. Other considerations, such as
destre for a lightside launch andion mgection, traching shap
location and booster impact constraints, may all play a aignit-

decision. In principle, any number of additional parking orbit
revolutions is permissible. Shuttle launches of interplanetary
missions (e.g., Galileo) are in fact required to use such addi-
tional orbits for cargo bay door opening and payload deploy-
ment sequences. In such cases, however, the precessional
effects of Earth’s oblateress upon the parking orbit, primarily
the regression of the orbital plane, must be considered.

4. Parking orbit regression. The average regression of the
nodes (i.e., the points of spacecraft passage through the
equator plane) of a typical direct (prograde) circular parking
orbit of 28.3-deg inclination with the Earth’s equatoy, due to
Earth’s oblateness, amounts to about 0.46 deg of westward
nodal motion per revolution and can be approximately com-
puted from

5407 x r: X J, X cosi

Q= . deg/revolution (25)
”
where
ro= Earth equatorial surface radius, 6378 km
r, = circular orbat radius, typraally 6748 km tor an

orbatal altitude of 370 km (290 nm)
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parking crbit inclinatiou, de
a given launch geometry f1- .

1 ¥+ computed for
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i

ey, (26)

This swrecunn, meitiplic -, Se orbital stay time of N
revolutinns, must b consid. ++ ) i deiermining a biased launch
time and, hence. the nghe awension of the launch site at
lift-oft:

@ T QXN deg (27)
EFF

5. Dogleg ascent. Planar ascent has been considered exclu-
sively, thus far. Reasors for performing a gradual powered
plane change maneuver during ascent may be many. Inability
to launch in a required azimuth direction because of launch
site constraints is the prime reason for desiring a dogleg ascent
profile. Other reasons may have to do with burn strategies
or intercept of an existing orbiter by the ascending spacecraft,
especially it its inclination is less than the latitude of the
launck site. Doglegs are usually accomphished by a sequence of
out-of-plane yaw tumns during first- and second-stage burn,
uptimized to minimize performance loss and commenc g as
soon as possible atter the early. low-altitudz, high aerodynamic
pressure phase of thght 1s completed, or atter the necessary
lateral range angle 9ffset has been achieved.

By contrast. powered plane change maneuvers out of
parking orbit or during transplanetary injection are much less
efficient. as a much higher velocity vector must now be rotated
through the same angle, but they may on occasion be opera-
ticnally preferable.

As already discussed, a special geometric situation develops
whenever the departure asymptote dechination magnitude
exceeds the latitude ot the launch site, causing 4 “sphit az-
muth” dwly launch window Figure 13 shows the effects of
asymptote dechnation and range satety constraints upon the
launch problem As the absolute vilue of dechnation increases,
1t eventually reaches the satety constraint on azimuth, prevent-
ing any further planar launches The situaaon cecurs mostly
carly and or late 1in the misston’s departure launch period, and
s trequently assoctated with dual launches. when month-long
departure peniods are destred

The Shuttle-era Space Transportation System (STS), includ-
ing contemplated upper stages. 1s capable of executing dogleg
operations as well. These would, however, eftectively reduce
the launch vehicle's pavioad (or C)) capability | as they did on
expendable laanch vehicles ot the past.

6. Tracking and orientation. As thc spacceraft moves away
from the Earth along the asymptote, it is seen at a ncarly
constant declination that of the depart:ue asymptote, 6,
(DLA in the plotted data). The valve ot DY A greatly affects
tracking coverage by stations located at various latitudes:
highest daily spacecraft elevations, and thus best reception, are
enjoyed by stations whose latstude 1s closest to DLA. Orbit
determination. using radio doppler data, is adversely affected
by DLA's near zero degre=s.

The spacecraft orientation in the first few weeks is often
determined by a compromise between communication (antenna
pointing) and solar heating constraints. The Sun-spacecraft-
Earth (SPE) angle. defined as the angle between thc outgoing
V-infinity vector and the Sun-to-Earth direction, is very
useful and 1s presented in the plots under the acronym ZALS.
It was defined in the discussion of Fig. 16. This quantity has
many uses:

(1) If the spacccraft is Sun-oriented, ZALS equals tie
Earth cone angle (CA), depicted in Fig. 19 (the cone

PLANET
(SUN)

TO
UBJCCT

(CANOQPUS)

Fig. 19. Definition of cone and clock angle

”
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mule ot an ohgect 1 \p-n_'mjl'qli.ﬁ\;-_--_! codin ity
an angle between the velacle™s longitudingl -2 axis wnd
the ohject diection).

-
ts
~

The Sun-plase angle. & (phase angle is the Sun-object-
spacecratt angle) describes the state of the object’s
disk lighting: a fully lit disk is at zero phase. For the
Earth (and Moon). several days atter launch. the sua-
phase angle is:

b, - INO-ZALS

N
, (%)

{3) The contour labeled ZALS = 907 separates two cate-
gortes of tamster trggectoites  those catly departures
that tist cut instde Barh's orbit. thus starting out at
negative heliocentiie true anomahe . tor ZALS >-94)

and these later ones that start gt positive true anoing-

lies, heading out towerd Jupiter and never experienang

~

the ncreased solar freatmg at distances ot lew than
VAL tor ZALS < w0’

7. Postdaunch spacecraft state. Alter the spacectatt has
departed from the immediate vicunty ot Farth (e et the
Farth's sphere of mthience ot about -2 nullion km), it moves
on a4 heboceutne conie whose imttal conditions may - be
approvantated as

. v Ry W)
\.\(' \I R \" -9

Ree  Ryyepnt Vs w2 AL
where R and Voot barth are evaluated trone an ephemerts at
timie of mjection and A7 represeuts tine clapsed swee then i
seeonds) The V_ovector i FME SO Cartestan comdinate can
be combiucted using \'("‘—f' FooDEA -8 and REAN o
m thicee cotmonents as toliews

\} o

o, tamd )
- - .

s smd)) (RN

8. Orbital launch problem Ortital Lasunch trom the Shuttle,
teom other elements of the SIS o trom any temporan o
permanent arbatal space station complenes, ntroduces entireh
new coucepts mte the Larth-departute problem Some ot
the new comtramts, already  mentioned. ot our bl
to launch 4 given mterp, aretary msston Thesionly regresane
spdce station orbat (e by 230 generally does not contam
the banfinity vector requued at depatture Orbat fitetume
ot other comiderations may dictate g pace statton’s orhatal
alutude that mav be toe high tor an etticient mpectien bun
Innovative  depatture strategies  are benpmng  to emeree,
attemptag e glieviate these problens 4 reeent Sawnee

"

Annlicationg

Annlications, Inc. (SAD ctudy (Rot,

G) ramnts to som.
the techniques available, such as passive wait for natural
alignment of the continuously regressine space station orbit
plane (driven hy Larth’s oblatencss) with the required
Tlinfinity vector, or the utilizaton of 2- and 2- impulse man-
cuvers, seeking to perform spacecrat’t plane changes near the
apogee ol a phasing orbit where velocay is lowest and thus
turning the orbit v eastest. These twe approackes can be
combmed with each other. av well ay with other suitable
maneuvers. such .

(1) Deep space propulsive burns tor orbit shapue and
phasing,

12) Graviy assast fly by Cincluding Earth retiam AVEGA,

3 Actodyneie tins @t gazing perigees ot at nter-
medute pianetary s inghys, and

1) Muluple revolution mjectson burns, requirng several
low, prazing passes, combimned with apogee plane change
naneus e, et

All ot these devices can be optimized to permit satistuctory
orbital Liunches, as well as to actueve the most desiriable condi-
tons at the final arnval body . In general, space launch advan-
tages. such as onqothit assembly and chechout ot pavioads and
clistered multiple propulsion stages, or orthbizal construction of
bulky and tamle subssatems (solar panels. sails, aniennas,
tadiatons, booms, coeor willoat s hoped, greatly outwengh the
sitnticant deepapace miston peadliies incutred because ot
the space statton’s mherent orbital onentation incompatibihity
with depatture requirement-

D. Planetary Arrival Synthesis

{he planctany atnval trggect my design problem involves
satistving the project’s emuneenng and scrence objectives at
the target body by shapig the arenal tigectorny i g suttable
annner. As these obpectives may be quite diverse, only 1o
thustrative seenanos shall be dincussed i this section !
otbiter atmosphictic pobe, sud 1o o sall extent Lander
LIRRASTINTEAN

1 Flyby trajectory design. In this mosion mode, he atenval
trggecton bonot modified moany deterennntic way at the
plenet the voinal wime pomt and antivgd e are chosen o
sttty e Lareest number et potential objectives, long betore.
hand

This process mvolves the chowe ot goval date o ensuge
desttable chatacternues, sud't oy the values of the vatiables
MUPCDAP ZAPS. ot | presented i plotted form i the data
ses ten ot thas volutne
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DAP, the planet equatonal declhination, &, ot the ncommg
asvinptote, te., of the Toantmaty veetor, provaies the incase
ol the mmum possible mchmanon of thibyv s negative s

[RR])

CON g : -~

also hatowas as the fatitude of vertical napact (FVIL

The nagitude of 1 mtunty, VI (VL
contiol the thyby tun angle Ay
outpomg V|

C 1 adis 7

e Fig ‘)

Ay - IR0 - 2p ) dep

whiere o, the assmptote halt angle, is touid hom

cmables one to
between the meonung and

VHP also cnables the deswmet (o evaluate planetocentue
veloedy, 570 at any distance, 7, on the tflyby hypetbola

veetons by o sintable choee ot closest approach

v kms (34

In the sbeve equations, g, (o G s the gavitational paam-
cter of the anval body

JPLANLE T | QUATOR

1 ANt
Vit RNAL t QUINUX

QUTBOUND

r fon = -
a S o ASYMPTOTE
- ~
~ |
- AN
S s,
~ SN
. ~
Iveoa . — ﬂ a..
[
SR
- AR L
rd
SAPY
‘/'. |
. /
- o !
VERIICAL \ r
IMPAC T ! Q TURN ANGH |
POINT I\ N v 180 2p
SUN \ r
\
tARYH \ —
O Pt RIAPSE
,"///
- FASCENDING NODE
INBOUND VHP |V |
ASYMPIOTI YINE
Fig 20 Planetary tiyby geometry
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Another pair of significant variables on which to base
arrival date selection are ZAPS and ZAPE --the angles between
Vinfinity and the planet-to-Sun and .Farth vectore respec-
tively. These two angles represent the cone angle (CA) of the
planet during the far-encounter phase for a Sun- or an Earth-
oriented spacecraft, in that order. ZAPS also determines the
phase angle, &g, of the planet’s solar illumination. as seen by
the spacecraft on its far-encounter approach lez to the planet:

&, = 180 - ZAPS (39)
Both the cone angle and the phase angle have already been
defined and discussed in the Earth departure section above.

The flyby itself is specified by the aim point chosen upon
the arvival planet target plane. This piane, often referred to
as the B-plane. is a highly useful aim point design tool. It isa
plane passed through the center of a celestial body normal to
V_ . the relative spacecraft incoming velocity vector at infinity.
The incoming asymptote, ie.. the straight-line. zvro-gravity
extension of the V _-vector, penetrates the B-planc at the aim
point. This point. dc..... d by the target vector B in the B-plane,
is often dcsulbed by its two components B - TandB-R.
where the axes T and R form an orthogonal set with V_. The
T-axis is chosen to be parallel to a fundamental plane. usually
the ecliptic (Fig. 2i) or alternatively. the planet’s equator. The
magnitude of B equals the semi-minor axis of the flyby hyper-
bola. b. and can be related to the closest approach distance.
also referred to as the periapse radius, i~ by

172

u ! '.ir 2
|B| =—-§- ((l+ 2) -1 km
V K,

u M o\2 12
r =24 ((—") +m|’) km (37)
N 12

The direction angle 8 of the B-vector. B. mcasured in the
target plane clockwise from the T-axis to the B-vector position
can casily be related to the inclination, i, of the flyby trajec-
tory. provided that both 6, (DAP) and the T-axis. from which
6 is measured clockwise, are defined with respect to the same
fundamental plane to which *he inclination is desired. For a
system based on the planet equater (Fig. 22

(36)

or

= ¢os Xcosd 3R)

COs PEQ

PEQ “pEQ
which assumes that 8, is computed with the T-axis parallel
to the planet equator {ie., T,,,L , = V.. X POLEp,, ). not the
echptic. as s trequently :hsumcd “!-u =V_X gOLE,,, €. )
Care must be taken to use the 8-angle as dctmcd and intended.

TARGET B-PLANE, Sy
1 TO INCOMING
ASYMPTOTE . PARALLEL TO

INCOMING
ASYMPTOTE

T
7% g |HYPERBOLIC
A PATH OF
\ SPACECRAFT
AIM POINT
/ INCOMING ASYMPTOTE
V., TRAJECTORY PLANE
B MISS PARAMETER, BIS
(TARGET VECTOR)
6 AIM POINT ORIENTATION
S PARALLEL TO INCOMING ASYMPTOTE, V,,
T PARALLEL TO ECLIPTIC PLANZ
. ANDLTOS
R =SXT

Fig. 21. Definition of target or arrival B-plane coordinates

The two systems of B-plane T-axis definition can be recon-
c1led by a planar rotation. ~A6. between the ocliptic T- and

R-axes and the T: and R'axis orientations of the equator
based system

sin (o, -
cos§, Xtand,,

%.p)

-sin §_ X cos (a, - agp)

39

tan A@ =

where

op and &gp are right ascension and declination of the
ecliptic pole in planet equatorial coordinates. For Jupiter,
using constants in Section V:

= 200.598 8., = 87.789, deg

aI:'P

o, and &, are RAP and DAP, the directions of incoming
V_. also in planet equatorial coordinates.
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ECLIPTIC POLE (EP)
Prcr
/

PCQPOLE
Pl’l-‘Q

PLANET EQUATOR
(PEQ)
a, - 180

~PEQ DECLINATION
OF EP, 5¢p

PEQ RIGHT
/ ASCENSION
OF EP, al:-p

a_, - 90°

ECLIPTIC PLANE
(ECL)

BPLANE (1 TOV,)

Trer = Ve NPrygy,

Tpp 0 V. \ Py Q

M 90 l(Q[") 90) (am - '80” h (\” - “".‘P

Af- ARCTAN [SIN 3a/(COS &, x TAN 8 - SIN 8 x CO5 Aa)]

Fig. 22. Two ?—axis definitions in the arrival B-plane

The correction A0 is applied to a 6 angle computed m the
echptic system as follows (Fig, 22):

=~ f ]
l)”_‘., l“.’ + ¢

)

The ecliptic T, Ry aves. however, have to be totated by
-8 (clockwise dtlcdmn 18 positive m the B-planc) to obtamn
planet equatonal T, R,.,Q coordmite axes  The B-magmtude
of anam pomt in either sy stem s the same

The projections of the Sun-to-planet and Farih-to-planet
vectors into the B plane represent aim point loci of diametiic
Sun and Farth occultanions, tespectively, as defined in Fg, 23
The B plane 8-angles (with tespect to T,,” avinbof these van-
ables are presented and labeled FTSP and FTEP, respectively
m the plotted nusston data. In addition 1o helping design or
else avord  dumettie occultations, quantities  allow
computation of phase angles. &, of the planet at the spacectaft

these

petiapse, at the eatry point of a probe, o genetally at any
position r (subsciipt § = Sun, could be eplaced by # = Farth,
it desired), (see Fig, M4

I
cos l.‘.

= o d N eos ZAPG ~ain g\ sin ZAP,

\ cns(l-'l:\.l' - f'_\.(.) )
whete
8. = the aim powt mglc 11 the B plane. must be with
tespect to the same T, as TSP
B, = the anwal wange ngle from ity (a position ta

aut an the mcommg asy mptote) to the pomt ot
mterest r(Fe 25)

The computation of the auival range angle, g, to the
position ot the desited event depends on its type, as follows
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SUN (OR EARTH) TO 1. At flyby periapse. (. = Y0 deg):
ARRIVAL y YP pue. g o0 B
B.PLANE PLANET VECTOR
~1
casf, = cos(-p) 5 —— 42)
“r
1+ P
SHADOW Ko
CYLINDER
{SUN OR 7 is periapse radius).
EARTH) 7p is periapse radius)
P / 2. At given radius ». anywhere on the flyby trajectory
N d ‘, ,I {sce Fig. 25):

g, =-v_+ v, “43)

v should be computed from periapse equation.
Eq. (42) v, at r can be obtained from (-v_ <v, <+
v,,- ¥, has negative values on the incoming branch):

ETSP
(OR ETEP;

3. At the entry point having a specified flight path angle
;- (Fig. 285,

TOSUN
{OR EARTH)

Fig. 23. Definition of apvroach orientational coordinates
ZAPS and ETSP, ZAPE and ETEP g, = -+ Iy 435

B-PLANE

INCOMING TERMINATOR

ASYMPTOTE o, o0
180-ZAPS *
r. RADIUS TG
A POINT ON
TO SUN TRAJECTORY
, PROJECTED ONTO
TRAJECTORY ARC. i, Ricr PHASE ANGLE. UNIT SPHERE

A-ETsp-180°-0
Fig. 24. Phase angle geometry at arrival planet
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ARBITRARY TRAJECTORY
POINT AT RADIUS r
AND TRUE ANOMALY v,

FICTITICUS

ENTRY PERIAPSE

RADIUS, r, P
Py

PLANETARY

ENTRY ENTRY /
INTERFACE Bo=v. X v,
3
\v,"

G :

_‘yb-
VERTICAL '/ .
IMPACT (&) g

V.
FLYBY
INCOMING Boc = Ve
ASYMFTOTE
ENTRY
TRAJECTORY

FLYBY
TRAJECTORY
|Bp| cop
FLYBY MISS
PARAMETER

Fig. 25. Typical entry and flyby trajectory geometry

OUTGOING
ASYMPTOTE

FLYBY PERIAPSE
/ RADIUS, ™
F

TURN ANGLE
¥ = 180-2p

ENTRY POINT

AT RADIUS

T =TSURF* B -
AND FLIGHT PATH
ANGLE 7y
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where v is the truc anomaly at entry, should always
be negative, and can be computed if entry radius and
altitude, r. = rgyp,- + hy and ;. the entry angle, are
known:

whereas the fictitious periapse radius r, for the entry,
to satisfy ;. at r., is equal to

", s ("’.) Nz
r=(-Z}l-1+ /14 {—])r.co?y. {2+ —r
P (li) / “,1 F I'.( “p E)

“4n

The B value corresponding to this entry point can be com-
puted from Eq. (36). while 1e 8 .. :le in the B-plane would
depend on the desired ent., iatitu-le inclination, Eq. (38), or
phase angle. 1.4. (41). ’

The general flyby problem poses the least stringent con-
straints on a planetary encounter mission, thus allowing
optimization choices from a lorge 181 . secondary parameters,
such as satellite viewing and occultation, planetary fie'ds and
particle in situ measurements, special phase-angle effects. etc.

A review of the plotted handbook variables, required in the
phasc-angle equation (Eq. 41), shows that the greatest magni-
tude variations are experienced by the ZAPS angle. which is
strongly flight-time dependent: the longer the trip, the smaller
ZAPS. For low equatorial inclination, direct flyby orbits, this
implies a steady move of the periapse towards the lit side and.
eventually. to nearly subsolar periapses for long missions. This
also 1mplies that on such flights the approach legs of the tra-
jectory are facing the morning termipator or even the dark
side, as trip time hecomes longer, exhibiting large phase angles
(recall that phase is the supplement of the ZAPS angle on
the approach leg). This important variation is caused by a grad-
ual shift of the incoming approach direction, as flight time in-
creases. from the subsolar part of the Jovian leading hemisphere
(in the sense of 1ts orbital motion) to 1ts antisolar part.

The arrival time choice on a very fine scale may greatly
depend on the desire to observe specific atmospheric,surtace
teatures (e.g., the Great Red Spot) or to achieve close encoun-
ters with specific sateflites of the arrival planet. Passages
through special satellite event zones, e.g., flux tubes, wakes,
geocentrie and o1 heliocentric  oceultations, require  close

24

control of arrival time. The number of satellites passed at
various distances also depends on the time of planet C/A.
These fine adjustments do, however, demand arrival time
accuracies substantially in excess of those provided by the
computational algorithm used in this effort, which generated
the subject data (accuracies of 1-5 min for events or 1-2 h
for encounters would be rea ired vs uncertainties of up to
1.5 days actually obtained with the rectilinear impact pseudo-
state theorem). Numerically searched-in integrated trajec-
torics. based on the information presented as a first guess
input. are mandatory for such precision trajectory work.

Preliminary design considerations for penetrating. grazing.
or avoiding a host of planet-centered fields and particle struc-
tures. such as magnetic fields, radiation belts. plasma tori. 1ing
and debris structures. occultations by Sun. Earth. stars, or
satellites, etc.. can all be presented on specialized plots. e.g..
the B-plane. and do affect the choice of suitable aim point
and arrival time. All of these studies require the propagation
of a number of flyby trajectories. Adequate initial conditions
for such efforts can be found in the handbook as: VHP (V)
and DAP (8_) already defined. as well as RAP (a_). the
planet equ atorial right ascension of the incoming asymptote
(i.e.. its east jongitude from the ascending node of the planet’s
mean orbital plane on its mean equator. both of date). The
designer’s choice of the aim point vector, either as B and 6, or
as cartesian B - T and B - R. complete the input set. Suitable
programs generally exist to process this information.

2. Capture orbit design. The capture problem usually
involves the task of determining what kind of spacecraft orbit
is most desired and the interconnected problem of how and at
what cost suzh an urbit may be achieved. A scale of varying
complexity may be associated with the effort envisioned - an
elliptical long period orbit with no specific orientation at the
trivial end of the scale. through orbits of controlled or opti-
mized lines of apsides (i.e.. periapse location), nodes, inclina-
tion. or a safe perturbed orbital altitude. Satellite G/A-aided
capture, followed by a satellite tour, involving multiple satel-
lite G/A encounters on a number of revolutions, each designed
to achieve specific goals, probably rates as the most complex
capture orbit class Some orbits are energetically very difficult
to achiese, such as close circular orbits, but all require signifi-
cant expenditures of fuel. As maneuvers form the background
to this subject a number of useful orbit design concepts shall
be presented to enable even an unprepared user to experiment
with the data presented.

The simplest and most efficient mode of orbit injection is
a coplanar burn at a common periapse of the arrival hyperbola
and the resulting capture orbit (Fig. 26). The maneuver AV
required is:
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o w, du N,
A= R - et -—  ,Km» (4N)
SN IR

The mbital penrad for such an orbit, 1equining knowledge
of periapse and apoapse adie 7, and 7 s

roart
, v 4 r ’/ 9
’ 1 \/[— -':;' -—-] / "" N (4 ‘

It on the other hand, a known sibit penod £ (in seconds)
18 desued. the expressuon for Al is

.o ANT

M ﬁ' - \/ A
- r r

P r

COAPSIDAL
CAPTURE
ORBIT

Ve
ASYMPTOTE

APPROACH
HYPERBOLA

COIANGENTIAL
ORRIT PERIAPSE /

HYPERBOLIC PERIAPSE \

A plot of orbit msertton 7 1equued as @ function of 7, and
P using V. S0 is presented i Fig, 27 The apoapse tadws of
such an ot of given petiod would be
1T TN
MY
R r -
ro= el .km (R

1 A/ ) r
\ "

An evaluation of Py (30) (and Fig. 270 shows that lowest
othit misertion Al s obtimed for the lomest value of 7 the
fongest pertod £, and the lowest F ot anival,

L t -

OF some mterest 18 inection into cucular capture orbats, a
special case of the coapsidal wsertion problem. It can be
shown (Ref. 8) that an optimal A7 enists tor msettion into
captute oiits of constant eccenticity, nciuding ¢ - O, e,
circular oats, which would 1equite a speaific wadws.

COTANGENTIAL
CAPTURE
ORBIT

COTANGENTIAL
JURN POINT

‘]' )/
. \ COAPSIDAL BURN

AND PERIAPSE OF
ITS CAPTURE ORBIT

Fig. 26. Coapsudal and cotangential capture orbit insertion geometries
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Fig. 27. Coapsidal capture orbit insertion maneuver AV
requirements for Jupiter {using Eq. 50)
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while the corresponding optimal value tor AV would be
[
.o 3
A, NG (33

Frequently the orbital radius obtained by use of Eq. (32) is
incompatible with practical injection aspects or with arrival
planet science and engineering objectives.

A more general coplanar mode of capture orbit insertion,
requiring only tangentiality of the two trajectories at an
arbitiary mancuver pomt of rads r common to both oibits,
Fig 0. tequires a propulsive ettfort of

+ h)
2 Qu(r,+r. <n
Al = |i+——"' - "r: J) (34
v ry *r,

It can be clearly seen that by performing the burn at periapse
the substitution r = " brings us back to Eq. (48).

The cotangential maneuver mude provides nonoptimal con-
trol over the onentation of the major axis of the capture orbit.

If 1t v desited to rotate this line of apsides clockwise by

Awp,. one can solve for the hyperbolic periapse 7., and the
burn radius r using selected values of true anomaly at hyper-

bolic burn point p,, and its capture orhit equivaient
Ve = Yyt B, (55)

utilizing the following three equations (where £ and H stand
for elliptic and hyperbolic, respectively):

r, V-
CA =
sin v, "ca ( K, + ‘) Xty ~r,)
- = (56)
sin ¥, ro 12
- CA ' =
2ror, (l + -————)
Ky
and
-2
CA ~
"
r= 5T
r., 12
ca e
(l + )cusv"+ 1
P
A}
= (58)

The procedure of obtaming a solution to these equations is
iterative. For a set of given values for r o T and an assumed
Aw. a set of v, and v, the hyperbolic and eiliptical buin
point true anomalies which would satisty Eqs. (55-58) can
be found. This in turn leads to r, the maneuver puint radial
distance. and hence. Q1" (Ey. 54). A plot of AF cost for a set
of consecutive Aw_ chowces will provide the lowest 317 value
for this maneuver mode.

For an optimal insertion into an mbit of an atbitiary magor
axis onentation one must tutn to the mome general. sull co-
planar, but ntersecting (1.e.. nontangential buin point) man-
euver (see Fig. 28). It provides sufficient flexibility to allow
numerical optimization of A1 with respect to apsidal rotation.
Aw"-

A mote appropuate way to detine apaudal onentation s to
measuie the post-maneuver capture orbit periapse position
angle with respect to a fixed direction, eg.. a tar encounter
paint on the mcommg asymptote, -V, thus definng a cap-
ture orhit penapse range angle
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l OPTIMAL BURN AV
REQUIRES teq >rp

OPTION

Fig. 28. Coapsidal and intersecting capture orbit insertion geometries

Aw_ = dw, i,

Awp + arc cos (59

Taken from Ref. 8, the expression for the intersecting burn
RYISTY

Al
Al = g2 +u :- | _ __:_ / - X
- rir r‘+rp ’3 r|+r"

vV

where

Q= '\/Q X1, Xr., Ruptr 121 ¢

& \/[.’.' M tr=r. )+ T _,(Z_AH tr-r)r, ~r) |

(60)

~
}

= planet-centered radius at burm, r T

rpandr, = anoapse and penapse radin of cupture ellipse

o
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ey = closest approach radius of flyby hyperbola
& = flag: § = +1 if injection occurs on same leg

(inbound or outhound) of both hyperbola
and capture ellipse, 3 = -1 if not.

It should be pointed out that Eq. (57) and (58) still apply
in the intersecting insertion case, while Eq. (56) does not
(as it assumes orbit tangency at burn point).

The evaluation of intersecting orbit insertion is more
straightforward than it was for the cotangential case. By assum-
ing V_ and orbit sice (e.g.. V_ =6 km/s,r =4 RJ, P =200
days. similar to a Galileo capture orbit) and stepping througk: a
set of values for Ve the capture orbit burn point true anomaly.
one obtains, using Egs. (§7-60), a family of curves, one for
each value of R, the hyperbolic closest approach distance.
As shown in Fig. 29, the envelope of these curves provides the
optimal insertion burn AV for any value of apsidal rotation
Aw_, desired. The plot also shows clearly that cotangential and
apsidal insertion burns are energetically inferior to burns on
the envelope locus. For the same assumed capture orbit, a
family of optimal insertion envelopes, for a range of values
of arrival V_. is presented in Fig. 30. The smallest value.
V_ = 4458 km/s, represents the remaining pre-insertion
energy after an lo encounter. typical of Galileo mission
strategy.

The location of periapse with respect to the subsolar point
is of extreme importance to many mission objectives. It can be
controlled by choice of departure and arrival dates, by AV
expenditure at capture orbit insertion, by an aerodynamic
maneuver during aerobraking, by depending on the planet’s
motion around the Sun to move the subsolar point in a manner
optimizing orbital science. or by using natural perturbations
and making a judicious choice of orbit size, equatorial inclina-
tion, i, and initial argument of pcriapsis. w,. such as to cause
regression of the node, {2, an the advance of periapsis. .
both due to oblateness to move the orbit in a desired manner
or at a specific rate. Maintenance of Sun-synchronism could
provide constant lighting phase angle at periapse, etc., by some
or all of these techniques. For an elliptical capture orbit
(Fig. 31).

2
. -3 RonlJ
Q== s_2 cos i X I—Q.dcg/’s {61)
~ 2 4
4
3 R,: "12 y
==X y (2-(5/sin® i) X -'—:—U.JCRIS

p
(62)

where

T

n= — ,mean orbital motion, rad/s (63)
a
r, tr
a = —5— ,semi-major axis of ellipitical orbit, km (64)
ryn
P . semi-latus rectum of elliptical orbit, km(65)
A’ 'pP

Rg = Jupiter’s equatorial surface radius, km

J, = Jupiter’s oblateness coefficient (for values sce
Section V on constants).

For the example orbit (4 X 272.4 RJ) used in Figs. 28
and 29, if ncar equatorial, the regression cf the node and
advance of periapse, computed using Eqs. (61-65), would
amount to a negligible -0.23 and +0.46 deg/year. respectively.
For contrast, for a grazing (@ = 71.398 km) low-inchnation,
near-circular orbit, the regression of the node would race along
at -64.5 deg/day. while periapse would advance at 129 d-g/
day. i.e.. it would take less than 3 days for the line of apsides
to do 3 complete turn.

It should be noted that §2 = 0 occurs for i = 90 deg, while
@ = 0 is found for i = 63.435 deg. Sun-synchronism of the
node is achieved by retrograde polar orbits, e.g., a S RJ cir-
cular orbit should be inclined 111.08 deg.

3. Entry probe and lander trajectory design. Entry tra-
jectory design is on one hand concerned with maintenance of
acceptable probe entry angles and low relative velocity with
respect to the rotating atmosphere. On the other hand, the
geometric relationship of entry point, subsolar point and
Earth (or relay spacecraft) is of paramount importance.

Lighting ditring entry and descent is ofter: considered the
primary problem to he resolved. As detailed in the flyby and
orbital sections above, the choice of trip time affects the value
of the ZAPS angle which in turmn moves the entry point for
longer missions closer to the subsolar paint and even beyond,
towards the morning terminator.

Landers or balloons, regardless of deceleration mode,
prefer the morning terminator entry point which provides a
better chance for vapor-humidity experiments, and allows a
ionger daylight interval for operations following arrival,

The radio-hink problem, allowing dats flow directly 10
Earth, or via another spacocratt in a relay role. 1s very complex.
It could require studies of the Earth phase angle at the entry
locations or alternately, it could require detailed parametric
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ADVANCE OF
PERIAPSE
L]

TRUE ANOMALY

LINE OF
APSIDES

ELLIPSE

PLANET
EQUATOR__

LINE OF NODES
(ASCENDING
NODE)

S/C MOTION

£
REGRESSION
OF NODE

Fig. 31. General satellite orbit parameters and precessional motion
due to oblateness cosfficient J, (from Ret. 8)

studies mvaolving relatine motions of probe and relay spacectaft
throughout probe entry and ats tollowng slow descent.

Balloon missions could also involve consideration of 4
vanety of wind dntt models, and thus, are even more complex
4, tar as the communcations problem with the Farth or the
spacecratt s concerned

E. Launch Strategy Construction

Lhe conscaints and destres, brietly discussed above. may be
displayed on the anston space launch artival day plot as
by hinuted by the contour boundaries ot ¢ l the dates
DLA. VHP. ZAP ¢t thus displaying the .nlluw.nbc. lsunch
Wace

Within this launch space o pretenied day by day launch
stiategy st he specttied i sccordance with prevailing
abjectives The sunplest laundhstrategy cotten used to mamtan
4 constant arival date st the taeet planet tesults i daily
launch poants on g tonzontal laie trom lettmost tonghtimest
manimum  slowsble C 1 boundary o that aninval date
Such 4 stratesy makes ase ot the tace that most anonagl chatac-
terinstios may stay nearly comtant actoss the launch space
Lichtine and satellite posttions - this case are fined.

satellite G AL o satellite tour

thius
allowimg a semlar encounter

A ditterent chotee vt strategy could Be to tollow a contour
hoan DA o ZAP One coull!

line ot come char
vaar ah PN HISIRRTH

also tollow the mummumre value locus of a parameter, e,
Gyl (e | the houndary between Class 1 and 2 within Type |
or [1) tor cach Taunch date, throughout the faunch space.

Fundicoentally ditterent s a launch strategy tor a dual o
multiple spacecratt mision. mvolving more than one launch.
cither of which may possibly pursue divergent objectives As
an example Fyg 32 shows the Voyager. | and 2 launch stiat-
egy. plotted on an karth departure vs Saturn arrival date plot.
A l4-day pad turnaround separe’- n between unches was
to be maintained, a [0-day opportunity was to be available
tor each launich, and the two spacecratt had substantially
different objectives at Jupater and Saturn one win to be
fo-mtensive and a close Japiter tlyby. to be tollowed by a
close Titan encounter at Suturn, and the other was Ganymede-
and or Callisto-intensive, a dist i Jupiter tlyby. as a safety
precaution agatnst joviar radiation damage, aimed to continue
past Saturn 0 Uranus and Neptune. Hers, evea the spacecraft
departuze order
launch space.

was reversed by the strategy within the

Launch stratezes tor orbital departures from a space station
n a4 specttic orbit promase to mtrodace new dimensions mte
mission planning and design. New concepts are beginnmg to
emerge on this subject e, Refs. 9 and 10.
&) ‘. “ O cen e

A

< eem

b ¢

00000.00
0000000.

Fig. 32. Voyager {(MJS77) trajectory space and launch strategy
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iv. gescription of Trajectory Characteristics
ata

A. General

The data represent trajectory peiformance informatioa
plotted in the departure date vs arrival date space, thus defin-
ing all possible direct hallistic transfer trajectories hetween the
twn bodies within the time span considered for each oppor-
tunity, Twelve individual parameters are contour-plotted. The
first, C4l., is plotted bold on a Time of Flight (TFL) back-
ground: the remaining ten variables are plotted with hold con-
touring on a faint C, /. hackground. Eleven plots arc presented
for each of twenty mission oppurtunities between 19%S and
2005.

The individual plots are labeled in the upper outei corner
by bold logos displaying an acronym of the variable plotted,
the mission’s departure year, and a symbol of the target planet.
These permit a quick and fail-safe location of desired informa-
tion,

B. Definition of Departure Var:abies

C,L: Earth departure ¢vergy (km2/s?); same as the
square of de, aiture hyperbolic excess velocity
12 = Gl = l',’ - 2 u/R;, where

I, = conic injection velocity (km/s).

R, = R\. + h,. injection radius (km), sum of
sur.face radius RSPI. ANFT and in:|cctinn
altitude h,, wherc.Rsl_.ARr" refers to
Earth’s surface radius. (For valuys, see
Section V on constants.)

K. = gravitational constant times mass of *he
launch body (for values, refer to Section V
on constants)
C 41 must be equal to or exceeded by the launch
vehicle capabilities.
DLA: A, . geocentric declination (vs mean Farth equator
of 1950.0) of the departure }'_ vector. May im-
pose launch constraints (deg).

RLA: a_ . geocentric right ascension (vs mean Earth
equator and equinox of 1950.0) of the departure
¥, vector. Can be used with C,L and DLA to
compute a heliocentric nitial state for trmectory

analysts (deg)

ZALS:  Angle between depature 1, vector and Sun-karth
vector. kquivalent to Earth-probe-Sun angle several

days out (deg).
C. Definition of Arrival Variables

AL LI DU

- Planetocentne arrnval hyperbolic excess
veloc:ty or Fantinity (km s), the magnitude of the

vector obtained by vectodial subtraction of the
hehocentric planetary orbital velocity from the
spacecraft arrival heliocentric velocity. It repre-
sents planet-relative velocity a* -reat distance from
target planet, at beginning o. fur encounter. Can
be used to compute spacecraft velocity at any
point r of flyby, including (/A (periapse) dis-
fance r,:

r
= Ko+ 2“’ .km/s
where
Mo o-prrix = Rravitational  parameter GM

Sysremi of the arrival planet system-
Jupiter plus all satellites. (For
values, refer to Section V on

constants.)

DAP- 4., . planetocentric declination (vs mean plane*
equator of date) of arrival | vecior. Defines
lowest possible flyby/orbiter equatorial inclination
(deg).

RAP a. . planetocentric right ascension (vs mean
planet equator and equinox of date, ie., RAP is
measured in the planet equa‘or plane froin ascend-
in? node of the planet’'s mean orbit plane on the
planetary equator, both of daie) Can be used
together with VHP and DAP to compute an
initial flyby trajectory state. but requires B-plane
aim point informat‘on, e.g.. B and 8 (deg).

ZAPS Angle between arrival 17, vector and the arrival
planet-to-Sun vector, Equivalent to planet-probe-
Sun angle at far encounter; for subsolar impact
would be equal to 180 deg. Can he used with
ETSP. VHP, DAP, and @ to determine solar phase

angle al periapse, entry. ete. (deg)
ZAPE  Angle between arrival }'_ vector and the planet-to-
Earth vector. Equivalent to planet-probe-Earth

angie at far encouncer (deg).

Anglz in arrival B-nlane, measured trom T-axis®,
clockwise to projection of Sun-to-planet vector.
Fquivalent to solar occultation region centerline
direction in B-plane (deg).

ETSP

ETEP  Angle 1n arrival B-plane, measured trom Teaxis ,
clockwise, to projection of Earthi-to-planet vector.
Lquivalent to Earth oceultation region centerline

direction in £-plane (deg).

‘HSE‘ and ETEP plots are based on 7 a.1s detined o being parallel to

e iptic plane tse2 tent tor explanaton)
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V. Table of Constants

Caotstanty used to genctate the mtammanion presented are
summanzed i this section,

A. Sun
GM 13 i ddwais s
R.\'( K1 et o0 W) hkm
8. Earth/Moon System
. (3R RS
(..\I‘“.\ oy SO0 I hmt s
GMy e 98 000448 07 hm? &
J, QOOS 0l
R.w'm Wi 037N 140 m
C. Jupiter System
oM © 126 1) 048 Tk

Sysnre M

7, - Q014733008
“Ar R

Mcan

Sutface st
M, Radws, Radms ™) Period.
v
Lmdeed hin 1 Jada

Jupaten 126 686 462 M RULN)] 041838 U
Raings
' 034 IS0 421671 1 o0
1 mopa KRN 11 OTOURR.  TSs{IRIY
Ganvimede VRRS AU TOT0R3R 7 18488530

Callisto ne? 2448

IRRISTY. 16 6ROOIN

*) Computed from period and Jupiter GM, 1ounded
(**) o System LT Jupiter 10tation 1ate

Irirection of the Jovian planctary equatorial north pole
(in Farth Mean Equaton of 1950.0 coordinates):

Q,, 7 R0, deg

’l
8§, = 0450409, dep

The constants vepresent the DE-118 planetary ephemeris
(1981) and the Voyager-2 Jupiter encounter trajectory
reconstruction data (1979),
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VALUE TYPE (YEADREI:JAORJ'?:IEDAY) (YEAHIPAJ?RHQ} DAY)
CaL 84.288 | 85/04/17 87/03/23
CsL 83.500 i 85/05/15 89/02/10
VHP 6.0059 | 85/05/03 87/10/09
VHP 6.0550 ! 85/03/31 87/10/16
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